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ABSTRACT In an accompanying paper we reported the use of differential scanning calorimetry and optical densitometry to
characterize the melting and aggregation of 160 bp fragments of calf thymus DNA during heating in the presence of divalent
metal cations. Aggregation is observed as thermal denaturation begins and becomes more extensive with increasing
temperature until the melting temperature Tm is reached, after which the aggregates dissolve extensively. The order of
effectiveness of the metals in inducing aggregation is generally consistent with their ability to induce melting: Cd > Ni > Co
> Mn Ca> Mg. Under our experimental conditions (50 mg/ml DNA, 100 mM MCI2, [metal]/[DNA phosphate] 0.6), no
measurable aggregates were observed for BaDNA or SrDNA. In this paper we show that the Shibata-Schurr theory of
aggregation in the thermal denaturation region provides a good model for our observations. Free energies of cross-linking,
induced by the divalent cations, are estimated to be between 34% and 38% of the free energies of base stacking. The ability
of a divalent metal cation to induce DNA aggregation can be attributed to its ability to disrupt DNA base pairing and
simultaneously to link two different DNA sites.
INTRODUCTION
Divalent metal cations alter the stability of the DNA duplex.
In general, the transition metals tend to destabilize DNA
because they interact with the bases more extensively and
disrupt base pairing (Eichhorn and Shin, 1968; Luck and
Zimmer, 1972; Zimmer et al., 1974). The alkaline earth
metals, however, stabilize DNA because they interact pri-
marily with the phosphate groups and reduce the charge
repulsion between opposing strands on the DNA double
helix (Luck and Zimmer, 1972).
In addition to affecting DNA stability, divalent metal
cations induce DNA aggregation at elevated temperatures.
Knoll et al. (1988) showed that the ability of the divalent
cations to induce DNA aggregation correlates strongly with
their effectiveness in destabilizing DNA (Eichhorn and
Shin, 1968). It was suggested that DNA aggregation could
be the result of three possibilities: i) aggregation of fully
denatured DNA, ii) aggregation of partially denatured
DNA, or iii) aggregation of the intact duplex. Resolubiliza-
tion of the aggregate, followed by treatment with S1 nucle-
ase to detect single-strand DNA, showed that aggregation of
fully denatured DNA was not likely. However, neither of
the other two models was ruled out.
To obtain a better understanding of the connection be-
tween DNA melting and aggregation, we characterized
these transitions using a combination of Raman spectros-
copy, differential scanning calorimetry (DSC), optical den-
sitometry, and pH potentiometry (Duguid et al., 1995).
Concentrations were relatively high (55 mg/ml DNA, 100
Received for publication 12 October 1994 and in final form 31 August
1995.
Address reprint requests to Dr. Victor A. Bloomfield, Department of
Biochemistry, University of Minnesota, 1479 Gortner Avenue, St. Paul,
MN 55108. Tel.: 612-625-2268; Fax: 612-625-6775; E-mail: victor@
molbio.cbs.umn.edu.
t 1995 by the Biophysical Society
0006-3495/95/12/2642/07 $2.00
mM MC12, [metal]/[DNA phosphate] 0.6) to give ade-
quate signal/noise in the Raman and DSC experiments. We
found that the metal-DNA complexes began to aggregate at
or slightly below the detected onset of DNA melting, and
the solutions became more turbid until the midpoint of the
thermal melting transition (Tm) was reached. At tempera-
tures between Tm and the completion of thermal denatur-
ation, the turbidity decreased dramatically and the aggre-
gates dissolved. No turbidity could be detected for DNA in
the absence of divalent metal cations. These results suggest
that DNA aggregation is best described by model ii), which
requires the participation of partially melted regions in
aggregation.
The mechanistic implication of this model is that the
partially melted regions are cross-linked by divalent metal
cations, and it is these cross-links that stabilize the aggre-
gate. Shibata and Schurr (1981) developed a statistical me-
chanical theory of cross-linking of multistranded complexes
to account for the increase in rotational relaxation time of
DNA in the melting regime. In this study, we show that the
Shibata-Schurr theory provides a plausible explanation of
our melting and aggregation results, and enables extraction
of thermodynamic parameters for cross-linking of DNA by
divalent metal cations.
SHIBATA-SCHURR THEORY
For convenience, we present a brief outline of the Shibata-
Schurr theory (Shibata and Schurr, 1981) of the cross-link-
mediated aggregation of multistranded complexes. The
original paper should be consulted for details. Consider for
concreteness a four-stranded complex in which each strand
is eight bases long (Fig. 1). Each of the four strands is linked
to the others by base pairing interactions, represented by
dark, thick lines that traverse the aggregate. Nine base pairs
are shown in this particular configuration of the complex.
The theory assumes that all of the strands are in register, so
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where AGBP, AGBS, and AGx are the free energies of base
Ho pairing, base stacking, and cross-linking; and nj, mj, and rj
are the number of base pairing, stacking, and cross-linking
interactions. In Fig. 1, nj = 9, mj = 1, and rj = 4. Assuming
.4
t that the enthalpy of melting is completely dominated by
base stacking, the free energy of base pairing can be defined
Crosslinking by the equation
FIGURE 1 Diagram of a four-strand DNA complex, linked by base
pairing interactions that are denoted by the cross-bars. Arrows associated
with each DNA strand define the directionality. Numbers above the com-
plex represent a particular site, and numbers below identify a particular
state. In this illustration, there are a total of seven different possible states.
The three different types of interactions that are observed within this
configuration are shown below. Adapted from figure 1 of Shibata and
Schurr (1981).
there is no sliding degeneracy. A dashed box encloses the
bases that are aligned at each position in the aggregate. Each
distinguishable arrangement of base pairs between the bases
in the four strands in each of the eight dashed boxes repre-
sents a specific state. Fig. 1 shows the seven distinct states
that can exist in the four-stranded complex. In general, the
total number of distinct states vp that can occur at any site
in a p-stranded DNA complex is
p/2 E[p12) !]2
VP= [E (1)
VpkE 1[@/- k) 1]2k!|(1
where k is the number of base pairs at that site (dashed box).
In addition to base pairing interactions, there are two
types of interactions between base pairs in neighboring
sites. In double-stranded DNA, nearest-neighbor interac-
tions occur between base pairs that share the same two
strands. These are called stacked. However, in a multi-
stranded complex such as that shown in Fig. 1, nearest-
neighbor interactions may occur between base pairs that
share either one or both strands. The latter is still considered
a base stacking interaction, whereas the former is termed a
cross-link. Cross-links can exist only in multistranded com-
plexes. Fig. 1 shows only one stacking interaction, which
occurs between the base pairs located at the bottom of sites
5 and 6. Four cross-linking interactions occur: two between
sites 1 and 2, one between sites 2 and 3, and one between
sites 4 and 5. Whereas base stacking causes a decrease in
free energy under our experimental conditions, cross-link-
AGBP =-RTlna (3)
where o- is the helix initiation or cooperativity parameter.
The free energy of base stacking is defined by the equation
AGBS = T(AScal + Rlno) - AHcao (4)
where AH,a, and ASr,; are the melting enthalpy and entropy
per base pair measured by DSC. The free energy of cross-
linking (AGx) is treated as an adjustable parameter to fit the
calculations from the Shibata-Schurr theory to experimen-
tally determined aggregation profiles.
We see that determination of AGBP and AGBS requires
four parameters: AHcal, AScai, Tm (which is required indi-
rectly), and o-. The first three can be determined from DSC,
whereas a- requires a combination of DSC and helix-coil
transition theory (Cantor and Schimmel, 1980). Once these
parameters are obtained, Qp,j,n is calculated as a function of
temperature. Qpj,n represents a particular configuration of
the system in which a particular order of base pairing
occurs. To characterize the entire system of the p-stranded
complex containing n base pairs, QpJm must be summed
over all possible configurations to obtain the partition
function
Vp vp
Kp,n = E ... Qj
jl=1 jN=1I
(5)
If one assigns the single-stranded species as the standard
state, Kp n also represents an equilibrium constant between
the single strands and the p-stranded complex:
pml :±mP (6)
This formulation can be expressed in the equation
Kp"n (7)
where mp is the concentration of p-strands in solution and
ml is the concentration of single strands. Combining the
Base
State
Base
Pairing
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conservation law for the total concentration of single
strands, ml tot
Pmax
I pmp =mi tot
p=l
with Eq. 7, we obtain
Pmax
> pmPKp = m,tot
p=l
(8)
(9)
where Pmax is the maximum strandedness that is computa-
tionally practical. According to Eq. 1, vp increases very
rapidly, from 7 with p = 4, to 34 with p = 6, to 209 with
p = 8. We used Pmax = 6 for all of the calculations reported
here.
Equation 9 represents a polynomial equation of order
Pmax that can be solved iteratively for ml. The values of ml,
and Kp obtained from Eq. 5, are entered into Eq. 7 to
determine mp. The result is a temperature-dependent profile
of the concentration of p-stranded complexes, which can be
determined for p = 1 to Pmax From these calculations, two
important quantities are obtained: the average number of
strands in a complex at a given temperature, p, and the
average number of base pairs in the p-stranded complex,
nBp. The former is determined from the equation
(10)
pnma PmaSx
p = I pmp/ E MP
and the latter from
np = aln(Kp)/a(-AGBp/RY)
TABLE I Thermodynamic parameters for the melting of
DNA-metal complexes
AHcal ASal Tm ff
Sample (kcal) (cal/°K) (OC) (X 103)
CdDNA 6.8 21.0 51.8 5.8
NiDNA 6.7 19.9 62.5 1.9
CoDNA 7.3 21.4 67.8 2.2
MnDNA 8.6 24.5 77.2 10.3
CaDNA 8.7 24.7 79.2 4.1
MgDNA 7.8 21.9 83.6 4.6
BaDNA 6.2 17.5 81.2 3.5
SrDNA 7.3 20.6 83.5 4.6
DNA 6.7 19.3 75.5 10.9
Data from Duguid et al. (1995).
Equations 10 and 11 are the basis for calculating the aggre-
gation and melting profiles, which are to be compared with
experimental observations. Equation 11 was normalized
between 0 and 160 bp of double-stranded DNA to yield nBP-
It should be noted that the number of base pairs formed
according to Eq. 11 is not the same as that determined from
a standard thermal melting experiment in dilute solution,
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FIGURE 2 Flow chart illustrating the relationship between experimental
and theoretical design for measuring DNA aggregation in the presence of
divalent metal cations. Initially, thermodynamic parameters are incorpo-
rated into the Shibata-Schurr theory, which generates aggregation (b) and
melting (np) profiles. Comparison is made between and the turbidity
profile obtained by optical densitometry. xGX is then adjusted iteratively
until the two profiles match.
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FIGURE 3 Aggregation and melting profiles of CdDNA. (A) Aggrega-
tion. Circles and right axis, experimental; solid line and left axis, calcu-
lated. (B) Melting. Light line, experimental; heavy line, calculated.
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because Eq. 11 includes base pairs formed by cross-linking.
However, the difference is not very large.
The process of adjusting AGx to obtain and nBP as best
fits to the experimental aggregation and melting profiles is
diagrammed in the flow chart of Fig. 2. To start out, DSC
was used to calculate AHcal, AScal, Tm, and the helix fraction
o as a function of T for the melting of the metal-DNA
complexes. Structural changes accompanying melting were
confirmed by Raman spectroscopy (Duguid et al., 1995). In
the same paper, helix-coil transition theory was used in
combination with 0 to evaluate o- (Cantor and Schimmel,
1980). AHca,, AScm, and a were then entered into the equa-
tions for AGBP and AGBS. An initial guess of AGx was
made and 5 and iBP were determined using the Shibata-
Schurr theory. AGx was adjusted iteratively until the best fit
(judged by eye) was obtained between p and the aggregation
profile obtained from optical densitometry.
RESULTS
Table 1 shows the melting parameters of the metal-DNA
complexes, obtained by DSC and helix-coil transition the-
ory (Duguid et al., 1995). AHcal and AScal are in the same
range as those obtained by previous studies (Breslauer et al.,
1986). The variation among AH,l, and AS,,, may be attrib-
uted in part to the different affinities of the divalent metals
for DNA, and in part to differences in hydration of the DNA
sample when it is weighed. The Tm values show that Cd, Ni,
and Co destabilize the double helix, whereas Mn, Ca, Mg,
Ba, and Sr stabilize it. This is expected because transition
metals have higher affinities for the bases and induce a
relative destabilization of base pairing interactions. The
nucleation parameter, oc, varies between 10-3 and 10-2 and
is smaller for the metal-DNA complexes than for DNA
without metal (Duguid et al., manuscript in preparation).
This effect has been attributed to an enhanced cooperativity
of melting at higher ionic strength (Dove and Davidson,
1962; Record et al., 1978). We also note that o- is larger for
this random-sequence calf thymus DNA than it would be for
a homopolynucleotide, because the observed breadth of the
transition reflects sequence and base composition heteroge-
neity as well as base stacking cooperativity.
Comparisons between calculated and experimental pro-
files of aggregation and melting are shown for each of the
metal-DNA complexes in Figs. 3-8. Two samples, BaDNA
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FIGURE 4 Aggregation and melting profiles of NiDNA. (A) Aggrega-
tion. Circles and right axis, experimental; solid line and left axis, calcu-
lated. (B) Melting. Light line, experimental; heavy line, calculated.
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FIGURE 5 Aggregation and melting profiles of CoDNA. (A) Aggrega-
tion. Circles and right axis, experimental; solid line and left axis, calcu-
lated. (B) Melting. Light line, experimental; heavy line, calculated.
Duguid and Bloomfield 2645
Ico
Volume 69 December 1995
and SrDNA, did not aggregate under our experimental con-
ditions, so their profiles are not given. The profiles were
calculated from Eqs. 10 and 11 after iterative determination
of the parameters in Tables 1 and 2. Agreement of the
calculated and observed nBP versus T is generally quite
good, although the calculated curves are all somewhat
sharper than the experimental ones. We attribute this mainly
to the assumption that all of the enthalpy of melting comes
from base unstacking. Although this is a good approxima-
tion, calculations (J. Duguid, unpublished observations)
show that the sharpness of the calculated melting transition
can be controlled by partitioning the total enthalpy between
base unstacking and unpairing. Also, as noted above and
explored further at the end of this section, the compositional
and sequence heterogeneity of the DNA should have some
effect on the shape of the transition.
The calculated p- versus T curves were generally in good
agreement with the turbidimetric measurement of aggrega-
tion (Duguid et al., 1995). For Ni, Co, Ca, and Mg, we
observed a substantial decrease in turbidity very near Tm, as
predicted by the Shibata-Schurr theory. Multistranded DNA
complexes cannot maintain their integrity much above Tm.
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FIGURE 7 Aggregation and melting profiles of CaDNA. (A) Aggrega-
90 tion. Circles and right axis, experimental; solid line and left axis, calcu-
lated. (B) Melting. Light line, experimental; heavy line, calculated.
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For unknown reasons, the theoretical transition curve for Cd
is displaced a few degrees below experimental. As seen in
Fig. 6, MnDNA was the only complex that did not disag-
gregate at temperatures above Tm, even up to 100°C. Ap-
parently, cross-linking mediated by Mn is very stable once
DNA melting is initiated. Currently, there is no evidence to
indicate that Mn cross-links different sites than the other
divalent metals. In general, however, Figs. 3-8 suggest that
the mechanism ofDNA aggregation is the same for most of
the transition and alkaline earth metals.
By fitting experimental and theoretical aggregation pro-
files, we were able to estimate the free energies of cross-
linking, AGx, induced by each of the divalent metal cations.
These are shown in Table 2, expressed as fractions of the
free energies of base stacking, AGBS- AGx lies within a
narrow range between 34 and 38% of AGBS for all of these
complexes. There appears to be a trend that AGx/AGBS
increases slightly with the breadth of the aggregation tran-
sition. Large changes in the width of the aggregation curve
results arise from small changes in AGx. This is seen clearly
in Fig. 9, where it is also seen that the cross-linking free
100 120
FIGURE 6 Aggregation and melting profiles of MnDNA. (A) Aggrega-
tion. Circles and right axis, experimental; solid line and left axis, calcu-
lated. (B) Melting. Light line, experimental; heavy line, calculated.
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FIGURE 8 Aggregation and melting profiles of MgDNA. (A) Aggrega-
tion. Circles and right axis, experimental; solid line and left axis, calcu-
lated. (B) Melting. Light line, experimental; heavy line, calculated.
energy affects only slightly the dependence of n-BP on
temperature.
As noted above, the value of a- derived from the DSC
curves and used in our calculations is artificially high,
because of the sequence and compositional heterogeneity of
the sample. To explore the effect of this approximation, we
have analyzed the NiDNA transition as the sum of three
curves separated by 2 K in Tm and with different o- and
TABLE 2 Aggregation parameters for DNA-metal complexes
Sample AGx/AGBs Tacalc (°C) Ta,exp (OC)
CdDNA 0.360 49.8 55.4
NiDNA 0.380 58.8 58.3
CoDNA 0.383 63.6 60.3
MnDNA 0.340 76.7
CaDNA 0.368 76.4 76.4
MgDNA 0.340 81.2 84.9
BaDNA
SrDNA
DNA
0 20 40 60 80 100
Temperature (°C)
FIGURE 9 Calculated effect of lowering cross-linking free energy AG,
on the (A) aggregation and (B) melting profiles of NiDNA. 0, AG,, =
-AGBS; -, AG, = 0.35 AGBS; , AG, = 0.36 AGBS; A, AG. = 0.37
AGBS; *. AG, = 0.38 AGBS.
AHcad, chosen to reproduce the thermal melting curve. The
values for cr, Tm/K, and AHcal/kcal/mol bp for the three
curves are 1.2 X 10-3, 333.65, 6.65; 8.5 X 10-4, 335.65,
6.69; and 7 X 10-4, 337.65, 6.73. These are to be compared
with the values in Table 1 (1.9 X 10-3, 335.65, 6.69)
obtained as the best fit to a single set of transition param-
eters. In all cases the transition entropy was maintained at
19.9 cal/K-mol bp. The values of AGx derived from this
analysis range from 0.37AGBS to 0.40AGBS. This is very
close to the value 0.38AGBS obtained for the single transi-
tion, indicating that estimates of the cross-linking free en-
ergy are relatively insensitive to the details of the transition.
DISCUSSION
In previous work we proposed that DNA aggregation in the
presence of divalent metal cations is probably due to the
interaction of partially melted regions on different strands
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(Knoll et al., 1988) and showed that the structural distor-
tions induced in the double helix by transition metal ions are
consistent with this explanation (Duguid et al., 1995). In this
paper, we have shown that the Shibata-Schurr (1981) theory
of multistrand aggregation in the thermal denaturation re-
gion accounts quantitatively for our observations, with a
free energy of cross-linking that seems physically reason-
able. The aggregation is driven both by the thermal separa-
tion of the strands of the duplex, a process that is primarily
enthalpic, and by the formation of cross-links, which has a
large entropic component because of the very large number
of microstates that can exist in multistranded complexes.
Shibata and Schurr have pointed out that the aggregation
transition should be strongly molecular-weight dependent,
because the number of microstates is a power function of
the number of base pairs. We may have seen some evidence
of this effect in our Raman spectroscopic study of DNA in
the presence of divalent metals (Duguid et al., 1993), where
high-molecular-weight calf thymus DNA, but not 160 bp
fragments, showed turbidity even at room temperature and
below.
Our formulation of the cross-linking thermodynamics
allows no explicit role for the divalent metal cations. The
cation concentration, and its binding to the separated and
cross-linked nucleotides, are all absorbed in the single pa-
rameter AGx. Addition of divalent metal lowers AGx from
the presumably positive or only slightly negative value
characteristic of DNA in the absence of metal, to a negative
value about 34-38% of GBS. This large negative value of
AGx is required for stabilization of multistranded cross-
links. It remains for future work to develop a detailed
structural picture of bases and metal ions in the cross-linked
state, and thereby to understand the origins of this strongly
stabilizing free energy.
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